Abstract. Urban development is a complex process influenced by a number of driving forces, including spatial planning, topography and urban economics. Identifying these drivers is crucial for the regulation of urban development and the calibration of predictive models. Existing land-use models generally consider urban development as a binary process, through the identification of built versus non-built areas. This study considers urban development as a continuum, characterized by different level of densities, which can be related to different driving forces.
Introduction
Urban development is a global issue with paramount socioeconomic and environmental implications, which may affect our well-being in terms of society, economy and/or culture. It may lead to a number of problems related to water quality degradation, air pollution, socio-economic disparities and social fragmentation [1, 2] . Several modelling approaches have been adopted in the analysis of urban growth. Those models can be aimed at predicting spatial location and/or the amount of change. Prediction of the location of urban growth can be modeled through different approaches including statistical methods, cellular automata and agent-based models. For different modelling approaches, it is important to explore and analyze the main drivers of urban growth on space bases in order to better understand, control and model the future growth of urban settlements.
Urban growth models do usually not differentiate between high-density and lowdensity urban development [e.g. [3] [4] [5] . The main goal of this paper is to investigate the major drivers of different urban densities. This requires analyzing the relationship between urban growth and a number of forces related to people choices in terms of spatial location of new urban developments.
Empirical estimation models use statistical methods to model the relationship between urban growth and its drivers based on past observation. In this context, logistic regression models are commonly employed to model urban development potentials [e.g. 3, [5] [6] [7] [8] .
A multinomial logistic regression model (MNL) is a generalization of a logistic regression model for more than two discrete and unordered response categories. Thus, the MNL methodology allows for the consideration of several classes or urban densities as the dependent, responsible, variable (Y), using a set of independent, explanatory, variables (X), which were selected based on the following literature review.
Potential Driving Forces
The identification of dominant urban growth driving forces is the main objective of this paper. In literature [e.g. 3, 9-17], numerous explanatory urban development drivers are proposed, which can be grouped into four main sets: accessibility indicators, geo-physical features, land-use policies and socio-economic factors. Accessibility indicators are often implemented in urban models by means of simple accessibility indicators, such as distance to cities, distance to the road network and distance to water bodies [10, 12, 13] . Road infrastructure consumes a high amount of urban land, around 25% of the total urban area in Europe and 30% in the USA [18] . In this paper, we considered Euclidean distances to different roads categories and to major 11 Belgian cities.
Geo-physical factors are reported as a fundamental driver of the spatial distribution and expansion of urban areas [3] . There is often a relationship between urban growth and a number of these factors, especially the topography of the study area [3, 19] . We considered elevation and slope as geo-physical factors in our study.
Zoning status (policies) is often considered as one of the major urban development drivers worldwide. It has been classified as the most pervasive driver in USA [20] . In Wallonia, land allocation is controlled by several regulations including the regional development plan, referred to as "plan de secteur (PDS)". In this paper, we consider this zoning plan, which defines the legally authorized land-use type for all the territory.
This study also selects a number of socio-economic factors. Population is one of the most active driver of urban development [15] . In this respect, the evolution of net and gross population densities was considered. Economic development could also be considered as a driver of urban development; there is a relation between economic increase and urban development [15] and furthermore economic development has an important influence on people's location choices. In this respect, employment potential, richness level, housing and land prices are considered. The number of households is another factor to be considered in this paper. This number may rely on population lifecycle, migration, societal values, gender relationships and the relationships between parents and children.
Methodology

Study Area
The study area is Wallonia, occupying the southern part of Belgium (Fig. 1) . Wallonia is the predominantly French-speaking region of Belgium. It has a territory of 16,844 km² that makes up 55% of the territory of Belgium but with only a third of its population. The population volume in 2010 was 3,498,384 inhabitants [21] . Administratively, it comprises five provinces: Hainaut, Liège, Luxembourg, Namur, and Walloon Brabant. It has 20 administrative arrondissements and 262 municipalities. The geography of the area goes from flat to hilly with altitude ranges from 0 to 693 m above see-level. Over the last decades, land-use change in Wallonia was related to urban growth and a subsequent loss of agricultural land. Major cities in Wallonia are characterized by a strong center-periphery structure with well-off households located in the peripheries [22] . The main metropolitan areas are Charleroi, Liège, Mons and Namur. They are all characterized by a historical city-center around which the urban development was spread. Urban sprawl has affected Wallonia for decades leading to fragmented and isolated landscapes that were developed in space and time [23] . Wallonia is highly affected by its neighbors especially by the trans-border workers number evolution. 
Multinomial Logistic Regression Model
An MNL model was applied to investigate the contribution of the selected driving forces on the probability of urban development along different densities. MNL consists of three components: multi-temporal urban maps, a multivariate function of the hypothesized drivers of change, and the resulting prediction map of urban development potential [24] . MNL analysis yields coefficients for each X. These coefficients are then interpreted as weights in a formula that generates a map for each urban density class depicting the probability of each cell in the landscape to be converted into this class. If the Y variable is a categorical map with k classes, taking on values 0, 1,..., k-1 and X is a set of explanatory variables X 1 , X 2 ,..., X n then the logit for each non-reference class k 1 ,..., k n against the reference class k 0 model is calculated through:
where log(k) is a logit function of class k against the reference class, α is the intercept, β is the regression coefficients of class k. The conditional probabilities of each class can be calculated with the following formula: 
The goodness-of-fit, in terms of predictive ability and the interpretability, of the MNL outcomes can be evaluated using McFadden pseudo R-square (MFR2) and Relative Operating Characteristic (ROC) statistic respectively [e.g. 5, 13, 17, 25, 26] .
MFR2 tries to mimic the R-squared analysis of linear regression. An MFR2 of 1 indicates a perfect fit, where MFR2 of 0 indicates no relationship. Clark & Hosking [25] stated that a MFR2 greater than 0.2 can be considered a good fit and it is calculated according to the following formula:
where L m is the value of the likelihood function for the full model as fitted with X and L 0 is the value of the likelihood function if all β except α are 0.
The ROC statistic compares the probability map, produced by MNL, to a map with the observed changes of the urban cells for each class between two time-steps. It first divides the probability outcomes into percentile groups from high to low probability and then calculates the proportion of true-positives and false-positives for a range of specified threshold values and relates them to each other in a graph. The ROC measures the area under the curve and its value could range between 0.5 (no relationship) and 1 (perfect fit). ROC values higher than 0.70 are considered as a reasonable fit [19, 27, 28] .
Prior to performing the MNL model, we have to consider three aspects that may exist in X: disparity in units, autocorrelation and multicollinearity. These aspects potentially affect any regression analysis results. Due to disparity in units and scale of X (table.1), the logit coefficients cannot be used directly to measure the relative contribution of the X in urban development process. Consequently, all continuous X were standardized before performing MNL analysis according to the following formula:
where z i is the standardized score of cell i, x i is the original value, μ is the mean value of X variable and σ is the standard deviation of the X variable. z score is negative when the raw value is below the mean and positive when above. Categorical X were not standardized to keep the meaning of the dummy variable.
Spatial autocorrelation in one or more X will bias the results of the regression analysis. Autocorrelation is the propensity for cell value to be similar to surrounding cells. Moran's I statistic was processed to detect spatial autocorrelation for each X. It is given as:
where M_I is the Moran's I statistic for each X, n is the number of neighbor cells to be taken into account, w spatial weights and x i/j cells values at location i/j. Locations depend on cell neighbors which can be considered as only shared-border neighbors to the cell under evaluation (x i ) or also diagonal neighbors (x j ). We considered only x j neighbors. Moran's I value ranges between -1 and +1, where +1 means absolute autocorrelation and -1 none autocorrelation. All X show strong degree of spatial autocorrelation with Moran's I value between 0.746 for zoning and 0.999 for distance to cities. A number of scholars [e.g. 3, 19, 29] suggested that this problem could be addressed through a data sampling approach. A random sample of 15,675 cells, around 1.15% of the study area, distributed throughout the study area were used in the MNL model.
Multicollinearity represents a high degree of dependency among a number of X. It commonly occurs when a large number of X are introduced in a regression model. It is because some of X may measure the same phenomena. Strong collinearities cause the erroneous estimation of parameters and further affect the MNL results [26] . In this context, a number of procedures is proposed to detect multicollinearity among X such as tolerance value, variance inflation factor and Belsley diagnostics [30] [31] [32] [33] . We used Belsley diagnostics, one of the most common procedures, to detect multicollinearity. Although Belsley diagnostics are normally applied to linear regression models, it is still valid to apply it for MNL since multicollinearity is a problem among X [34] . The outcomes of Belsley diagnostics are condition indices and variance-decomposition proportions for each X. A condition index greater than 30 represents strong multicollinearity [33] . In this case, it is highly recommended to omit all X with variance-decomposition proportions exceeding the tolerance of 0.5 [33] . All X show low degree of multicollinearity with condition indices between 1 and 9.15 for all X maps and 1 to 9.86 for the selected samples. Thus, all X will be used in the MNL model.
Data Dependent variable.
The Y is constituted by cells whose status not changed from non-urban to urban and changed from non-urban to one of different urban classes between 2000 and 2010.
The cadastral dataset (CAD) was used to develop Y. CAD is a vector map representing buildings in two dimensions as polygons provided by the Land Registry Administration of Belgium. Each building comes with different attributes from which the construction date is the most important attribute for our study. Using construction date, two urban land-use maps were developed for 2000 and 2010 years.
Preparing the data.
CAD vector data were rasterized at a very fine cell dimension (2x2 m 2 ). The rasterized cells were aggregated with a factor of 50 by which to multiply the cell size to obtain 100x100 m 2 raster grid. Each aggregated cell has a density value that represents the number of rasterized 2x2 cells. This value will be used to introduce dwellings density in the aggregated CAD maps.
Scholars always define a minimum map unit (MMU) to avoid overestimation of one class in land cover data [35, 36] . The CORINE Land-Cover (CLC) dataset, as an example, was provided with MMU of 25 ha. Due to the nature of the study area, it is possible to find several scattered buildings in a hectare. Consequently, to produce more accurate data we set MMU at one hectare. In order to avoid overestimation of urban lands, two procedures were applied to the aggregated data: minimum building density per cell (MBDC) and minimum building density per neighbor (MBDN).
Minimum building density per cell.
The average size of residential building in Belgium is about 10x10 m² [37] . This figure somehow corresponds to the average size of households in Wallonia [38] multiplied by the single family house floor space per capita in north & west Europe, which is about 41 m² [39] . The multiplication gives an average size of 2.3*41= 94.3 m². Thus, we set MBDC at 25 (100 m²).
Minimum building density per neighbor.
A threshold of five dwellings per ha was fixed for considering that a cell was urbanized. Neighborhoods with such a density are indeed observable in Wallonia. We then performed an analysis using different thresholds of MBDN using a search window of 3x3 cells for each MBDN cell less than 125 (5x25). These thresholds are 125, 250, 625, 1250 and 2500. Table 1 lists a comparison between CLC data, CAD original aggregated data and different MBDN thresholds. We assumed that the number of changed cells between two time-steps would increase until a specific value of MBDN and then start declining along with the increase of MBDN. Actually, those cells that are under urban development at timestep 1 and reach the threshold of MBDN at time-step 2 are then considered as urban. If the MBDN threshold is very high, this condition will not be reached because this threshold exceeds the observed number of built cells at time-step 1 and 2. The number of changed cells calculated in two provinces of Wallonia confirmed our assumption (Fig. 2) . The result showed that the most appropriate threshold for MBDN is 625.
Fig. 2. Number of changed cells between 2000 and 2010
Measuring density. Different definitions of urban density can be found in the literature, according to the application it is used for. Density can refer to either dwellings or inhabitants per unit area [40] . In this paper, we defined urban density as a number of built-up units per cell of one hectare. We performed different MNL models for 4, 6, 8 and 10 urban densities quantile classes and measured the goodness-of-fit. An MFR2 statistic is not appropriate to compare the goodness-of-fit in this case because MFR2 depends on Y which is changeable, in terms of number of classes. Consequently, we measured misclassification rate instead. It equaled 24.23%, 23.60%, 22.70% and 26.07% respectively. As a result, for the final MNL, we used eight classes for urban densities, from class0 (non-urban) to class7 (highest density), each class has almost the same number of cells except for class0 (Fig. 3) . Table 2 lists the density range for each class.
Urban class7 can be considered as urban cores and urban classes 4, 5 and 6 may be considered as urban peripheries and suburbs. Urban classes 2 and 3 may be considered as rural areas whereas urban class1 may be considered as remote locations. This can be further assessed by measuring how land-use policies control urban development within each class. Land-use policies can highly control urban developments within urban cores whereas urban development in peripheries and suburbs is not strictly following policies. Rural areas are expected to follow policies whereas very remote sites are normally not controlled by policies. 
Independent variables.
Statistical data related to population volume, households, employment rate, richness index and mean land/housing price were acquired from the official Belgian statistics [38, 41] and mapped with a resolution of 100x100 m² raster grid at municipality level. Gross population density was calculated for each municipality as the number of inhabitants divided by the area of municipality in km² whereas net population density was calculated as the number of inhabitants divided by the area of built-up zones of the municipality in km². Digital Elevation Model (DEM) provided by the Belgian National Geographic Institute was used to calculate elevation and slope in percentage for each cell.
Accessibility was measured in terms of Euclidean distance of a cell from the nearest road and city. Road networks for 2002 were provided by Navteq. Four functional classes of roads were introduced in MNL (R_class1: high speed and volume controlled access roads, R_class2: quick travel between and through cities, R_class3: moderate speed travel within cities and R_class4: moderate speed travel between neighborhoods). Major cities of Belgium (Antwerp, Brussels, Wavre, Brugge, Gent, Charleroi, Mons, Liege, Hasselt, Arlon and Namur) were used to develop a map of distances to cities.
According to the most recent zoning plan of Wallonia, urban development is only allowed in those zones that are designated for residential, economic or leisure development. In other zones, such as agricultural and forest areas, urban development is not permitted unless specific conditions. A zoning map was developed by discerning zones where urban development is not permitted (code 0) and zones that are designated for urban development (code 1).
All maps were created as raster grids with a resolution of 100x100 m² (table 1) . The spatial resolution is defined based on the availability of data. The statistical data are available at municipality level whereas other variables could be calculated at cell level. That is common to coupling both resolution levels [e.g. 19, 42] . 
Results and Discussions
In the last decade, Wallonia experienced urban growth distributed between different urban classes. The total area of urban land in 2000 was 2093 km², accounting for 12.4% of the total area, and in 2010, urban land increased to 2230 km², accounting for 13.2% of the total area. More than 137.5 km² of land was converted between 2000 and 2010 from non-urban to different urban densities as: 50.4 km² to urban class1, 34.7 km² to class2, 23 km² to class3, 10.5 km² to class4, 7.12 km² to class5, 5.3 km² to class6 and 6.68 km² to class7. Of course, one km² of urban class1 has not the same weight as one km² of urban class7, as densities are very different. The goodness-of-fit for predictive ability was evaluated using MFR2 and it equals 0.244. The model reveals a very good correspondence with ROC values: 0.775, 0.819, 0.829, 0.805, 0.793, 0.813 and 0.914 for classes 1, 2, 3, 4, 5, 6 and 7 respectively. This indicates that the MNL performs well and the MNL's outcomes could effectively interpret the process of urban development in Wallonia.
The results of the MNL model are illustrated in table 4. Scholars and decisionmakers are not only interested in the identification of potential driving forces of urban development process but also interested in measuring the relative contribution of these drivers to urban development process [3, 10] . To relatively measure the contribution of each X to urban development process, Odds Ratio (OR) that equals exp(β) is calculated. It is difficult to directly interpret an MNL coefficients and they become useful when they are converted into an OR. An OR greater than 1 indicates a positive effect, the probability of urban development increases by increasing the OR of the variable, whereas less than 1 indicates a negative effect, the probability of urban development decreases by increasing the OR of the variable. An OR of 1 means neutral contribution to the urban development process [13] . Table 5 lists OR values for all X.
For interpreting continuous X, multiply a one unit increase in X variable by OR. For instance, five units increase in elevation increase the class7 portability by exp(5x0.110) ~ 1.7 whereas decrease the class1 portability by exp(5x-0.078) ~ 0.7. For categorical X, zoning status, the OR value for class1 is about 15.4. This means that it is around 15. 4 (exp(2.735) ) times more likely to find a new urban cell related to class1 in zones designated to urban development than in zones designated to other uses in zoning plan.
Generally, the impact of different drivers varies with different urban densities. These drivers can be grouped into common drivers with impacts on different urban classes and special drivers with impacts on individual classes. We found that the likelihood of urban development is markedly influenced by policies (zoning status). Zoning status has the strongest impact on urban development within all urban classes. Slope, distance to R_class4, distance to R_class3, net/gross population densities and mean land price respectively also demonstrate an impact on all urban classes, but far less important than zoning status. The result shows that the impact of slope is generally increasing with built-up densities. Quite logically dense urban projects are rather developed in flat areas, in many cases floodplains in Wallonia. In contrast, the impact of distance to R_class4, namely intra-urban or inter-villages roads, is generally decreasing with built-up densities. Distances to R_class1 and R_class2 have a noticeable impact on the development of high density projects (class7) with OR of 0.40 and 0.56 respectively. That indicates a strong relationship between highest urban density class and proximity to high speed roads. It should be stressed at this respect that a number of urban cores are directly accessible via high-speed roads in Wallonia. Employment potential has a significant attraction impact on urban class7. It is generally increasing with density, which is what can be expected. Richness index and elevation have moderate impacts on urban class6. Distance to rail stations has a moderate positive influence on urban class7. Still this influence is much lower than the proximity of high-speed roads, suggesting that urban areas located nearby train stations are not yet sufficiently attractive for new dense urban developments in Wallonia. This should be a major source of concern for urban policy makers. Quite significantly, mean housing price represents a low influence on urban growth. This influence is negative for high density developments, which is another source of concern given the shortage of available housing, especially apartments, in areas characterized by a strong pressure on the real estate market.
Our assumption regarding general identification of different urban classes can be assessed by measuring the influence of land-use policies on urban development. OR values for zoning show that policy has a very strong impact on the highest density developments (class7). Those high density developments will most naturally be developed in areas where the legally-binding plan allows such developments, in order to minimize the administrative and financial risks of such operations. Further on they are often located in dense urban areas where the existing plan already allocates a significant share of the land to urban development and where non-urban zones (parks, green areas, etc) are strongly protected for environmental, social and/or heritage reasons. Policies impact is taken a downward trend with classes 4, 5 and 6 respectively. We consider those classes as suburbs. Quite understandably that urban developments in suburbs do not strictly follow policies. The impact of policy on class1 is very low compared to other classes. This class can be considered as remote developments, consisting in scattered constructions (1 to 3 buildings per ha), which can sometimes deviate from existing zoning plans especially in agricultural zones. Land-use policies also show a noticeable impact on classes 2 and 3. We considered those both classes as low density developments in rural areas. It is not surprising that new developments are mainly directed to urbanizable zones, where there is an excess supply of such land. Fig. 4 presents urban development probability maps for classes 1 and 7 as examples of MNL model outcomes.
Conclusions
Urban development process in Wallonia is dynamic and diverse. The prediction of spatial distribution of such development can be modelled based on a set of geophysical and socioeconomic attributes that represent proximate causes of urban growth. Considering urban development as a continuum allows us to better understand the interactions between different drivers and different urban densities.
In this paper, we examined the driving forces of urban development process in Wallonia over a period of 10 years (2000 to 2010). Multinomial logistic regression model was employed to relatively measure the impact of different drivers on probability of urban development. Sixteen drivers were selected from four sets of driving forces including geo-physical features, land-use policies, socio-economic and accessibility. Generally, result reveals that policies and accessibility are the most important determinants of urban growth process. Most importantly, our results highlight that the impact of different drivers varies along with urban density. This is especially the case of land planning driver, whose effects are much more significant for smaller densities than for higher ones, except in the case of urban cores. This study findings can support urban growth modeling, urban planning, and decision-making process in identifying urban development likelihood for each location in the present and medium term. 
